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Abstract 

In some models of supersymmetry breaking, modulus fields are heavy enough to decay before 
BBN. But the large entropy produced via moduh decay significantly dilutes the preexisting baryon 
asymmetry of the universe. We study whether Affleck-Dine mechanism can provide enough baryon 
asymmetry which survives the dilution, and find several situations in which desirable amount of 
baryon number remains after the dilution. The possibihty of non-thermal dark matter is also 
discussed. This provides the reahstic cosmological scenario with heavy moduh. 

PACS numbers: 98.80.Cq, 14.80.Ly 
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I. INTRODUCTION 



Recent cosmological observations have revealed that the ordinary matter contributes to 
the only small fraction of the energy density of the universe, ~ 0.022 in terms of the 

density parameter, and the remainder comes from "dark" components, dark matter and dark 
energy, whose contributions are represented by Vt.mh^ ~ 0.13 and Vt\ ~ 0.72 respectively 
The existence of these dark components indicates physics beyond the standard model such 
as supersymmetry (SUSY) [2], but on the other hand, the non-standard physics is also con- 
sidered to be imprinted in the ordinary matter (baryon) component. From the measurement 
of cosmic microwave background (CMB) anisotropy and hght element abundances predicted 
by big-bang nucleosynthesis (BBN) [^, it is known that the baryon density of the universe 
is almost made only of baryons, and anti-baryons do not exist . But such observed amount 
of baryon asymmetry can not be generated within the framework of the standard modeL 
Thus, if there is an underlying physics beyond the standard model, the baryon density of 
the universe fife/i^ ~ 0.022 should also be explained by violation of the baryon number and 
CP built in the new physics, as well as the dark matter. In supersymmetric theory, which 
is one of the best motivated physics beyond the standard model, there is an interesting 
mechanism to create baryon asymmetry. In SUSY there exist many scalar fields as super- 
partner of the standard model fermion which carry baryon or lepton number. Along some 
directions of the configuration of these scalar fields, the scalar potential is fiat. Thus scalar 
fields corresponding to these fiat directions can develop to large field value during infiation, 
and subsequent evolution of the scalar fields naturally leads to baryon asymmetry. This is 
called Affleck-Dine mechanism ¡4], which we will focus on this paper. 

On the other hand, global supersymmetry is naturally extended to the local supersym- 
metry, which inevitably includes gravity, that is supergravity. In supergravity there appear 
long-lived massive particles whose lifetime are typically longer than 1 sec and they decay 
after BBN starts. One is the gravitino, the superpartner of the graviton. Gravitinos are 
produced in high-temperature plasma via scatterings of the particles in thermal bath and 
their subsequent decay may greatly affect the standard cosmology , or may overclose 
the universe if they are stable [3]. Another is the Polonyi field, which is a singlet scalar field 
introduced in order to give the SUSY breaking masses to the superparticles, especially the 
mass of gauginos, in many models of SUSY breaking. Generally the Polonyi field has the 



2 



large field value during infiation, and it begins to oscillate coherently with initial amphtude 
of order reduced Planck scale Mp when the Hubble parameter H becomes equal to the 
gravitino mass m^i^- It has extremely large energy density and its decay after BBN has 
catastrophic effects on the standard cosmology 8|. Furthermore, supergravity may be the 
low energy effective theory of string theory, which is defined in 10 dimensional space-time. 
In compactification of such extra dimensions, there appear hght scalar fields called moduli. 
Generally moduli have the mass of order m^i^ through non-perturbative dynamics associ- 
ated with SUSY breaking. The dynamics of moduh fields and cosmological difficulty they 
cause are similar to those of the Polonyi field, and we call them moduli problem j^. 

There are some suggestions to solve the moduh problem. One possible way is to use 
late-time infiation and the subsequent entropy production in order to dilute the moduli 
abundance to cosmologically safe value. Such late-time infiation is realized by thermal 
infiation models and concrete examples for are found in Refs. 10|, lUl, ll2| . The other way 
is to make moduli heavy enough to decay well before BBN. The modulus mass larger than 
about 100 TeV is safe and such large mass is naturally realized in anomaly-mediated SUSY 
breaking models, where other SUSY particles obtain the mass of order ~ 7713/2/(87?^) ~ 1 



TeV 



13|- 



But the scenario is not complete. In late-time entropy production scenario, the preexisting 
baryon asymmetry is also diluted. The reheating temperature after thermal inflation is 
typically less than a few GeV, and hence almost all baryogenesis mechanisms which rely on 
high energy physics do not work. The variant type of Afñeck-Dine mechanism after thermal 
inflation may work IJ] and to the best of our knowledge it is only possibility to create enough 
baryon asymmetry in the presence of thermal inflation. In heavy moduli scenario, signiflcant 
entropy released by the decay of moduli also dilute the preexisting baryon asymmetry. In 
previous works fisl . l^, it was assumed that Affleck-Dine mechanism can create enough 
baryon asymmetry which survives the dilution from moduli decay. However, in fact, for 
large m^i^ ordinary Affleck-Dine mechanism does not work due to the non-trivial potential 
minima of the Affleck-Dine fleld Q- 

In this paper we study whether the sufflcient baryon asymmetry is created in heavy mod- 
uli scenario, such as anomaly-mediated SUSY breaking models or mixed modulus anomaly 
mediation (or mirage mediation) models [19|. Mirage mediation models are based on the 
concrete model of KKLT flux compactiflcation 201] and the lightest modulus mass is pre- 
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dicted as m-^ ~ {Air'^^m^/^- Thus in the foUowing we consider the typical situations where 
the modulus mass is of the order m^/2 and (47r^)m3/2 as reference values, although we 
do not specify the concrete SUSY breaking models. The only assumption on which our 
analysis is based is the hierarchical relation between the gravitino mass and other SUSY 
particle masses. In both scenarios (anomaly- or mirage mediation models) other SUSY 
particles have mass of order ~ m^/^/iSTr'^) and hence the gravitino is considered to be as 
heavy as 100 TeV. As we wiU explain later, Afñeck-Dine mechanism for such large m^/^ is 
highly non-trivial. One possible way to incorporate Affleck-Dine mechanism in anomaly- or 



mirage-mediation model is to introduce the gauged \J{1)b~l symmetry [2l|]. But we pointed 
out that Affleck-Dine mechanism with large m^jo works without any additional assumption 
if the reheating temperature is relatively high 22] . We examine these two scenarios and find 
possible parameter region in which the desired amount of baryon asymmetry is generated. 

This paper is organized as follows. In Sec. [Tll we briefiy review the cosmological dynamics 
of moduli fields. In Sec. IIIIl Affleck-Dine baryogenesis in high reheating temperature scenario 
is discussed. In Sec. HVl Affleck-Dine baryogenesis in gauged \J{1)b~l model is discussed. 
Somewhat similar to this case, but the case without superpotential and Q-ball domination 
is discussed in Sec. |Vl The decay of moduli may cause another difflculty, especially LSP 
overproduction from the decay of moduli-induced gravitinos. We give possible solutions to 
this problem in Sec. |Vll We conclude in Sec. IVIII 

II. DYNAMICS OF MODULUS FIELDS 

In general, a modulus field has the mass of order m^/^ in the presence of SUSY breaking. 
In the early universe, the infiaton dominates the energy density and this vacuum energy 
also breaks supersymmetr y. As a result the modulus field obtains Hubble-induced SUSY 



breaking mass of order H [23||. Thus, during infiation the modulus has very large mass and 
sits at the origin. However, this high-energy minimum does not need to coincide with the 
low-energy true minimum of the potential. In general, these two minima are expected to 
be separated by the Planck scale and hence when H becomes smaller than the modulus 
mass m^, the modulus field begins to oscillate with the initial amplitude xo ~ ^p- This 
coherent oscillation of the modulus field has the energy density ~ m'^Mp initially, and the 
total energy density of the universe is given by ~ Sm'^Mp. We can see that the modulus 
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has inevitably large energy density comparable to the total energy density and dominates 
the universe as soon as inflaton decays (in the case of > F/, where F/ denotes the decay 
rate of the inflaton) or the modulus fleld begins to oscillate (in the case of F/ > m^). 

In the case of m^ > F/ where inflaton decays after the moduh start to osciUate, the 
moduh-to-entropy ratio is given by 

7 J- i 



s Ap{Tr)/3Tií A^^'yMp 
~ 2.5 X lO^GeV 



T X / ^ ^ (1) 

Tr \ ( Xo 



lOSGeVy \Mp^ 

where Tp denotes the reheating temperature from inflaton decay. On the other hand, in the 
case of m^ < F/, it is given by 



PxJ_ (^Y'ml/^M'/ 
s 4 \TT^gJ ^ ^ \Mp 

1/4 



1.2 X lO^^GeV 



90 y/2 íx^ 

TT^^J VlOOTeV/ \Mp 



(2) 



In both cases the moduli abundance largely exceeds the critical density of the universe, 
Pc/ Sq ~ 3.6 X lO^^h^ GeV. If we parametrize the decay width of the modulus as 

r --^ (31 



the decay temperature of moduli is given by 



(Ui \ 3/2 
—) ■ (4) 
lOOTeV/ ^ ^ 

Hence, the decay temperature of modulus typically takes a value from a few MeV to a 
few GeV for 100 TeV < m^ < (47r^)100 TeV. The late decay of moduli with such large 



abundance has signiflcant effects on BBN 2J|, CMB [25| and diffuse X(7)-ray background 



261], which results in strong disagreement with observations. But for the modulus mass 
larger than about 100 TeV, the moduli decay before BBN and do not spoil the success of 
standard BBN. The universe is flnally reheated by the moduli with reheating temperature 



T ^ 



^ If the modulus field does not have the Hubble mass and obtain unsuppressed quantum fluctuation during 



inflation, it can be the interesting candidate of the curvaton 27|, |28| . But we do not go into the details of 
this issue. 
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III. AFFLECK-DINE BARYOGENESIS WITH EARLY OSCILLATION 



A. The model 

In minimal supersymmetric standard model (MSSM), there exist some configurations of 
the scalar fields (flat directions) along which scalar potential vanishes in supersymmetric 
hmit within the renormahzable terms j^^. A flat direction is parameterized by the single 
complex scalar 0, which we caU Aflleck-Dine fleld. The Afíleck-Dine fleld feels potentials 
from non-renormahzable superpotentials represented as 

where M is the effective cutoff scale and n > 4. Including SUSY breaking effects, the 
potential for the Affleck-Dine fleld is written as 

^5(0) = ml\^? + («™m3/2^^ + h.c. j + (6) 

where is 0(1) numerical coefficient. There are other sources for the scalar potentials. As 
explained in sec|Tll the scalar fields obtain Hubble-induced SUSY breaking terms such as 

Vh{cI>) = -chH'\<I>\' + {^^hH-^ + h.c.) , (7) 

where ch and üh are 0(1) coefficients Here we assume ch > 0. Furthermore, in high- 



temperature environment o: 
also arise. These are 



32 



33| 



the early universe, thermal corrections to the scalar potential 



Vt{<P)= E c,ñT'\<p\' + aa{T)'T' hgO-^) (8) 

where Cfc is a constant of order unity, /fc denotes gauge or Yukawa couphngs relevant for 
the Affleck-Dine field, and a is a constant of order unity assumed to be positive, which is 
determined by the two-loop finite-temperature effective potential for the Affleck-Dine fleld. 
Then the total scalar potential for the Affleck-Dine fleld is sum of them, 

V{<^) = Vs{<P) + Vh{<P) + Vt{<P). (9) 



^ In some inflation models such as D-term inflation 30[ , Hubble-induced term does not arise during inflation 
31|. 
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Let us summarize the dynamics of Affleck-Dine field. First, it is trapped by the minimum 
determined by the balance of negative Hubble-induced mass term and non-renormahzable 
term, 

101 ~ (/7M"-3)i/("-2)^ (^Q) 

and tracks this minimum as H becomes smaU. The important fact is that without the 
finite-temperature effect, the scalar potential has the global minimum at 

^^m3/.M"-j . (11) 

if is much greater than m^, which is the situation we are interested in. Thus the Afñeck- 
Dine field is eventually trapped by this minimum and leads to charge or color breaking 
vacuum, which is a disaster. But finite-temperature effects can save the situation. Including 
finite-temperature effects, when H becomes equal to iíos determined by 

^os~^5+ E c,flT^ + aa{Tf^^, (12) 

the Affleck-Dine field begins to oscillate around its minimum of the potential. The impor- 
tant fact is that if the thermal log term dominates the potential and osciUation begins by 
this term, the Affleck-Dine field will be taken to the origin without trapped by the global 



minimum 22|. Through the process of field evolution, the Affleck-Dine field receives angu- 
lar kick from A-terms and results in elhptical motion around the origin. Hence the baryon 
number is generated and conserved in comoving volume. In fact, as we will see, for high 
reheating temperature from infiaton and high field value, the osciUation starts when ther- 
mal logarithmic term dominates the potential and Affleck-Dine mechanism works well. Note 
that although the resultant vacuum is meta-stable, the lifetime of the false vacuum is much 
longer than the age of the universe 



B. Baryon asymmetry 

Next we estimate the baryon asymmetry in the presence of a heavy modulus field. In the 
case of early oscillation due to thermal logarithmic potential, iíos is given by 

Mp^ 



H,, = aTR\^-j^j for n = 4, (13) 

Hos= [a^TlMpM-^/'^f'^ for n = 6. (14) 
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Hereafter we consider n = 4 and n = 6 case only, because flat directions with n > 7 are 
lifted by the superpotential of the form %¡)(()"-~^ / M^~^ where ip represents scalar fleld other 
;han Affleck-Dine fleld and can not generate baryon asymmetry via Affleck-Dine mechanism 



29l | . We need following constraints for this scenario to work. One is the condition that early 



osciUation occurs (/íos > i^(¡>)) this leads to 



1 M ^ ' 



a \M, 



1 X 10 



a ) VlOOGeV/ \Mp 



1/2 



(15) 



for n = 4, and 



1 fmlM^^ 



■ R 

a 



Ml 



3 X lO^GeV 



0.1\ / m^ \3/4 / M \^'^ 



a 



VlOOGeV/ VlOi^GeVy 



(16) 



for n = 6. The other is the condition that thermal correction hide the valley of the potential 
around the true charge breaking minimum and this thermal logarithmic potential leads 
Affleck-Dine fleld to the origin. This condition is written in the form a^T^^ > |l^(|0|mm)|, 
exphcitly, 

_ . 1/2 

Tr > a'^m^/2 



Mf 



M 



1 X lO^GeV — 



a / VlOOTeV/ \M 



(17) 



for n = 4 and 



Tn > a-'M'"M-''Wj^, 

-SxlO^GeV — ( — ^^T^ — 18 
V a y VlOTeV/ ) ^ ' 

for n = 6. We can see that in general the latter condition is severer whenever ^3/2 > m^^ 
which is always satisfled in anomaly-mediated SUSY breaking. 

Now let us estimate the baryon asymmetry in the presence of modulus flelds. It is 
convenient to express the baryon-to-entropy ratio as 



ne _ ub Px(^x) _ 3T^ 
5 Px 4Tx) Px 4 

8 



(19) 



The ratio hb/ Px '^^ fixed when both the Afíleck-Dine field and modulus field begin to oscillate. 
When Hos > ^^^^^ ratio is fixed at the onset of the osciUation of the moduh, H = rrix- 
On the other hand, when Hos < ttl^, the ratio is fixed at the beginning of Affleck-Dine field 
oscillation, H = H^s- From Eqs.([Il¡) and ([17]) or fíTHD . 

Hos > ^3/2 (20) 

must always hold. Thus if we assume ~ ""^3/2 we can safely focus on the case iíos > ^x- 
But in some models based on string theory, 3> m^j^ might be yossible. In mirage 
mediation model, the modulus mass is predicted as ~ ^Tr^m^/^ [19]. Although in such 
a model Hos < m^ is stiU possible, we mainly focus the case Hqs > m^ and briefiy discuss 
about the modification in the case Hos < Trix- The condition H^s > m^ is rewritten as 



Tfí > a ^m^ 



M 



\a J VlOOTeV/ \Mp 



1/2 



(21) 



for n = 4 and 



T. > a-^ml/^M^'^M-'"^ 



2 X lO^GeV 



0.1\ / mx \3/4 / M 



a 



lOOTeV/ VM, 



3/4 (22) 



for n = 6. High reheating temperature from infiaton is not a problem as far as the moduh 
decay well before BBN and non-thermal LSPs associated with modulus decay do not over- 
close the universe. In fact it is possible that non-thermal LSPs from the decay of moduli 
account for the present matter density of the universe (see Sec. |VI¡1 . 



1. Hos > rn^ 

In this case the baryon-to-moduli ratio ub/Px is fixed at ií = m^ where the modulus 
field begins to osciUate with amplitude Xo ~ Mp, 

riB _ TiBÍtos) í ajtos) y /23^ 

Px ^IXI V«(^mod)/ 

where ímod — ^x^- Iii order to get correct estimation, we must specify the decay epoch 
of infiaton, whose decay rate is denoted as F/. Thus depending on Tj, three scenarios are 



available: (a) F/ > Hos > m^, (b) Hos > F/ > m^, (c) Hos > > F/. Note that in 
case (a), at the beginning of oscillation of the Afñeck-Dine field the universe aheady enters 
radiation dominated era and estimation of baryon number is somewhat different from the 
other two cases. Before the estimation, we see the conditions when the case (a), (b) and (c) 
are reahzed. The condition that > F/ can be written as 

Tr<2x lO^^GeV ( '^' . (24) 
VlOOTeV/ ^ ^ 



On the other hand, the condition Hos > F/ can be rewritten as foUows, 

for n = 4, 



Tn<5x lO^^GeV (^) ( 
Tn<2xlO''GeV[-^y 



M 



(25) 

p \ 

for n = Q 



M 

which is satisfied for natural range of parameters. In other words, unless reheating temper- 
ature is unnaturally high, case (a) is not reahzed. The conditions (12T!) (or (1221) ). (12^ and 
( 125|) determine which of the following scenario is reahzed. 

In the case (a), early oscillation begins in radiation dominated regime and the baryon- 
to-moduli ratio (123!) is written as 



Ub _ 5e?^3/2|0os| f ^ 



2 / ^ \ 3/2 



PX ^x^Q 



IyI \ H 



' os 



(26) 



where (5e(~ 0(1)) denotes the effective CP phase. Note that as far as the initial amplitude 
of the Afñeck-Dine field is smaller than Mp, it never dominates the universe at the instant 
of oscillation. We can estimate 0os and H^s as 

|0|os ~ i:~'aMp (27) 

and 



Hos ~ rj- íor n = A, 

1*M 

Hns ~ — ^nrT^r lor n = b. 



(28) 



where 7* = {■n'^g^iTp) ~ 25. Substituting these values and using Eq. (¡1¡), we finally 
obtain the baryon-to-entropy ratio after decay of the modulus field as 
ub 0.26e^/c% m^/^m^ ^ M ^^^'^ f Mp\^ 

(29) 



s a Ml \Mp J \xo 



lOOTeV/ \MpJ \xo 



10 



s Ml \Mp) Vxo 

~ 2 X io--yíí. fHV íJ^) Í^LX" f 

^ \ a VlOOTeV/ VlOOTeV/ V Mp / 1 Yr 



in the case of n = 4 flat direction. Clearly this is too small and it is impossible that we 
obtain a proper amount of baryon asymmetry. For = 6, we obtain 

y (30) 
ípj \Xo J ' 

It also seems too small, but dependence of the cut-off scale M is rather large, so that if we 
assume M ~ lOOMp the desired amount of baryon asymmetry can be obtained. It may 
seem peculiar that the cut-off scale M is bigger than Planck-scale, but our deflnition of 
M includes some coupling constant, e.g., even if physical cut-off scale is Mp, the effective 
cut-off scale can be ~ lOOMp if the relevant coupling constant is 10~^. 

In the case (b), the modulus oscillation begins in radiation dominated era. The baryon- 
to-moduli ratio (123!) is expressed as 



Ub Sem3/2\(f)os\ f r 



2 / p \ 2 / N 3/2 



Px ^xXo 



'os 



(31) 



A straightforward calculation yields 

np O-^óe^/cms/^m^ í M / Mp^ ^ 



s a Ml \Mp J \xo 

— ■"^=v.(^)(^)( 



m^ \ í M ÍMf 



(32) 



.lOOTeV/ \MpJ \ xo 
for n = 4 case. Obviously, this is too small. On the other hand, for n = 6 case we obtain 

riB ^ 0.547^ »^3/2^^ l^üV 

s ~ «2 T^Mp \MpJ [xoj .33. 

^ \a J VlOOTeV/ VlOOTeV/ \ Tr J \MpJ \ xo J 

It seems possible that a proper amount of baryon asymmetry after choosing cut-off scale 
appropriately. But Tp is constrained from the condition Hos > m^ [Eq. fl22|) ]. Substituting 
Eq. (12^ into the above equation, we obtain the upper bound on nB/s, 

nB < 0.5^eV^^/2"^x / M_y/' /Mpy 

s ~ « M¡/' \Mp) [xoj ^34^ 



^ \a J VlOOTeV/ VlOOTeV/ VMpy \ Xo J 
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Thus we need M > 200Mp to obtain enough baryon asymmetry. If this is the case, Tr must 



also be as high as 10^^ GeV. This also satisfies the constraint F/ > m 



In the case (c), the modulus starts to oscillate in infiaton-dominated regime and then 
infiaton decays resuhing in brief radiation dominated era followed by moduh dominated 
universe. The baryon-to-moduli ratio (Í25]) in this case is expressed as 



os| / m^ 



For the n = 4 case, we obtain 

ub _ 0.24 Vcma/sm^^^ f M V'^ ( Mp^'^ 



os 



(35) 



s a TrM^J'^ \Mp) V Xo 

^ ^ ^ --^^^^ m (t^) (10^)^'^ (^) i^r (t)^ 

(36) 

which is extremely small compared with the present baryon density. When we apply to the 
n = 6 fiat direction, the baryon-to-entropy ratio is estimated as 

ub 0.25ey^m3/2ml'^ f mV f Mp^ ^ 



s TIm]!^ \MpJ \xo 



in-i4r ^3/2 W m^ fW^GeY\^ f mY fMp^^ 



4 X 



-V 



lOOTeV/ \ Tr \M, 



R / V^Wp/ V Xo 



(37) 



which seems successful. However, we need rather high reheating temperature which suppress 
the baryon-to-entropy ratio, due to the condition Hos > m^ [Eq. fl22|) ]. Substituting Eq. (l22!) . 
the upper limit for baryon asymmetry is obtained, 

^ n ox ^"^3/2 f M^ 
< 0.25eVc- ' 



s ~ Mp \Mp 



a J VlOOTeV/ \Mp^ 

If M ~ lOOMp we can obtain desired baryon asymmetry, and this indicates that reheating 
temperature should be higher than ~ lO^^GeV. On the other hand, Tp < lO^^GeV is 
necessary in order to satisfy Tj < m^. Thus M ~ lOOMp and lO^^GeV < Tr < lO^^GeV 
are the possible parameter region (see Fig. [1¡). 
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2. Hos < 

Now let us turn to the case iíos < i^x- -^^ explained, early oscillation to avoid charge 
or color breaking minima requires ifos > ^3/2 and hence this particular possibihty arises 
only when modulus mass is much heavier than 7713/2 In this case, we can classify the 
cosmological scenario depending on the inflaton decay rate F/ : (d) Ti > m^ > Hos, (e) 
> F/ > ifos; (f) 'iTT'x > -^os > T/- Notc that baryon-to-moduh ratio is flxed once the 
Afíleck-Dine fleld starts to osciUate, but resuhing formula for ub/Px is the same as eq. (l23!) . 
Therefore the results of case (d) and (f) are the same as(a) and (c) respectively. Only the 
case (e) shghtly differs from (b). 

In the case (e) the baryon-to-moduli ratio is expressed as 

Ub _ <íe'^3/2|0osP f / y ^^g^ 



2y2 \Tr \H 



Px ^x^o 

which is shghtly different from the case (b). Note that we have used the approximation that 
the moduli dominate the universe soon after the oscillation. The following calculations are 
similar, and the result is 

riB _ 0.2S,,/d'ytms/2mTU ( M V ( Mp 



«6 Mf'^ \MpJ \xo 



> 4 X 10-4v^ i'A^ (^^) i^f' (^X (^Jl)- 
^ \a) VlOOTeVAlOOTeV/ \Mp ) \ Xo ) 



(40) 



for n = 4 case, where we have used the constraint F/ > íÍqs in the second line. Using the 
same constraint, for n = 6 case we obtain 

np _ 0.25ev^ai8 ms/sm^/^Mp ( Mp^^ ( MpV 

(41) 



s 1? T¿2 \M ) \xo 

< 4 X 10-^%V-c f (^) f^f' (mY(Mp^^ 

^ \a ) VlOOTeV/ VlOOTeV/ 



MpJ \ xo 

Similar to the case for ifos > ^xi ^'-'^ appropriate choice of the cut-off scale M and the re- 
heating temperature Tr, it seems that we can obtain a proper amount of baryon asymmetry. 



As we explain in Sec. IVIl although moduli decay into gravitinos may cause cosmological difñculty, here 
gravitinos are also heavy enough to decay weU before the BBN. Furthermore LSPs produced by decay of 
moduh effectively annihilates and do not overclose the universe (or they become dark matter). However, 
the subsequent decay of non-thermally produced gravitinos may pose a cosmological difíiculty. See Sec. lVII 
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However, we should recall that the constraint ^3/2 < Hos < tti^ narrows the allowed pa- 
rameter range. In fact, the case (e) is not reahzed in the parameter region we are interested 
in. 

In FigsII] and [2] we show the resulting baryon-to-entropy ratio in (M, Tr) plane in the 
case of m3/2 = fn^ = 100 TeV and = (47r^)m3/2 = (47r^)100 TeV for n = 6. The latter 
case is naturally realized in mirage-mediation models. We can see that Tr > 10^^ GeV and 
M > 10^*^ GeV are required in the former case. In the latter case where the modulus field 
is much heavier than the gravitino, the constraint is weaker. Note that in such a heavy 
moduli scenario gravitinos can be efñciently produced by the decay of moduli, and these 
non-thermal gravitinos also decay before BBN for m^/^ ~ 100 TeV. LSPs produced by the 
decay of those gravitinos may be harmful. We wiU discuss it in Sec. IVII 



C. Q-ball formation 



Finally we must consider the effects of Q-ball formation. The fluctuations of the Affleck- 
Dine field with U{1)b charge grow and result in lumped condensate, called Q-balls ¡34l. |35|. 



The Q-ball formation leads to many non-trivial cosmological consequences, and they highly 



depend on SUSY breaking models [36|, l37| (see also [l7|, l38|). As we have seen in the previous 



subsection, quite large cut-off scale M is required. One may wonder this leads to large Q- 
balls and invalidates the applicability of our scenario. However, as we wiU see, largeness of 
Q-balls is suppressed because of early osciUation. The radius of Q-balls is comparable to the 
hubble horizon scale at the epoch of Q-ball formation. Thus although larger cut-off scale 
M tends to create larger Q-bafls, but higher reheating temperature Tr, which causes earlier 
oscillation, tends to make Q-balls smaller. Now let us estimate Q. 

It is found that that for the Q-balls which have developed via logarithmic potential, the 
total charge of Q-ball Q is fitted by the formula 381] , 

g = /5(^)' (42) 

where /? ~ 6 x lO^'*. Applying to the early oscillation case for n = 6 fiat direction, it is 
estimated as 



Q ~ 4 X 10^^ ( 



/5 



6 X 10-4 



lO^GeV 



M 



Tr J VlOOMp 



(43) 
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for Hos > T/, and 



g ~ 9 X 10 
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/5 



0.1\ V M 



6 X 10-4 ) \ a ) VlOOMp^ 
for iíos < T/- It is known that evaporation of Q-balls in high-temperature plasma can 
efíiciently transfer the charge of Q-balls up to AQ ~ lO^'' almost model independently 
391] (see also 221]). Therefore in the most interesting parameter region, Q-balls formed 
through Afñeck-Dine mechanism can completely evaporate and have no further effects on 
cosmological evolution of baryon asymmetry. 

In Figsil] and [21 we show the contour of Q ~ lO^*' with black dotted hne. It can be seen 
that in the interesting parameter region where rip/s ~ 10~^° is obtained, only small Q-balls 
are produced and they evaporate in the high-temperature plasma. 



(44) 
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FIG. 1: Gontour plot of ub/s as a function of M and Tr. We take m^^ 



m 



3/2 



lOOTeV. In the 



shaded region Affleck-Dine field is trapped into charge-breaking minima and baryogenesis does not 
work. Also we show by the dotted hne Q ~ lO^'^. The left side of the dotted Une predicts Q < 10^° 
and Q-bahs completely evaporate in high-temperature plasma. 



IV. AFFLECK-DINE BARYOGENESIS WITH GAUGED U{1)b-l 

Next we turn to another possibility that Affleck-Dine baryogenesis with large gravitino 
mass works with an extension of MSSM to include some additional ñelds and gauged U{1) b-l 
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101*^ lO^' 10'*^ 10'" 10'° 10-' 10 



M(GeV) 

FIG. 2: Same as FiglH except for = (^vr^^mg/a = (^vr^^lOOTeV. 



symmetry. Because the global U{1)b-l symmetry within MSSM is anomaly-free, it can 
naturally be extended to local symmetry. But from the viewpoint of baryogenesis, it must 
be spontaneously broken at some high energy scale in order to create baryon asymmetry 
and not to contradict with terrestrial experiments such as proton decay. 



A. The model 



We briefly explain the model discussed in Ref. ¡2l|]. First, we introduce MSSM singlet 
fields which have the superpotential as 

W = XX{SS -v^), (45) 

where X,S and S have the U{1)b-l charge 0,2 and —2 respectively, and v denotes the 
U{1)b-l breaking scale. They induce the scalar potential given by 

V =\xf {\x\Wsf + \Sf) + \SS-v^\^} 

+ '-{2\S\'-2\S\'-q\M'Y 
where g denotes the U{1)b-l gauge coupling constant and q denotes the U{1)b~l charge of 
the Affleck-Dine fleld. The second term comes from the D-term contribution. In the follow- 
ing, we consider flat directions which are lifted by n = 6 non-renormalizable superpotential 
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in MSSM, such as udd or LLe direction. In this model, gauge-invariant superpotential which 
hfts those flat directions are given by 



where ki and k^ are 0(1) couphng constants, and the resufting zero-temperature scalar 
potential is written as 

V - + ^ (I) + h.c.) + (l\ (,,^e ^ 



(48) 

Afthough the whole dynamics is somewhat comphcated and we do not give the details here 
(see [211] for a detail), the point is that by using the additional D-term potential which does 
not exist in MSSM, the Aflleck-Dine fleld can be stopped at the U{1)b-l breaking scale v 
during inflation. If v is smaher than the hill of the potential of the Affleck-Dine fleld 



^ I0|hm 



\m^/2{S)) 



(49) 



Affleck-Dine mechanism works without trapping into the charge or color breaking global 
minimum. If we assume {S) ~ v and we focus on n = 6 case, this condition is equivalent to 



< 



~ 8 X 10-GeV f i^V'V^)^^YilV^ 
V m3/2 ; VlTeVy \Mp ) 

If the value v exceeds this bound, Affleck-Dine baryogenesis can not work due to trapping 
of the Affleck-Dine fleld in global charge breaking minima, if thermal effects are neglected. 



B. Baryon asymmetry 

We saw that in this type of model, the Affleck-Dine fleld stops at U{1)b-l breaking scale 
V until Hubble parameter becomes of the order and oscillation begins. If v is smaller than 
the hiU of the potential of the Affleck-Dine fleld, Affleck-Dine mechanism works. In the case 
of early osciUation, the result is the same as usual early oscillation scenario considered in the 
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previous section. Thus we consider only the case of no early oscillation in this subsection. 
The condition to avoid early osciUation is 

1/2 



1/2 



\a J VlTeV/ \10^^GeVJ 
Thus we can safely set F/ < m^. The baryon number at the instant of osciUation of the 
Affleck-Dine field is given by 

4:/3\am\ Sem3/2 7 

with ~ m^. The baryon-to-moduh ratio is once fixed at the epoch of osciUation of the 
Affleck-Dine field, t = tos, and the final reheating comes from the decay of moduh. The 
result is 



^ = 0.lV-c6e^^^^^^^(^)\ (53) 



M^M¡/^ V Xo 

which depends on seventh powers of v. Substituting the upper bound on v [Eq. flSÜl) ]. we 
obtain an upper bound on the baryon-to-entropy ratio, 



— ^O.lVcó, 



^ V --e 2/5,^5/2 \ 

^ m^ my^Mp V aO 



r .r. 13 / \^/^ /100TeV\^/^ /lTeV\^/^ / M í MpV 



(54) 



which seems successful. However, it is non-trivial whether Q-baU is smaU enough to evapo- 
rate completely. Charge of Q-baU is given by j^C 

I e (e>0.01) 



Q ~ 7 — X <^ ^ ~ (55) 

K^c^J [ 0.01 (e<0.01) 

where 7 is order 10~^ — 10"^ factor which represents the delay of Q-ball formation from the 
osciUation of Affleck-Dine field and e is caUed the eUipticity parameter given by 

e ~ óe — 7f—r. (56) 

Therefore, using the upper bound of v [Eq. flSÜl) ]. we obtain 

45e7 ^3/2v'^ 



Q 

y 7 
< 1 X lO^'ó, 



9 mjM4 

7 \ /lOOTeVy/^ /ITeVy/^ í M ^^'^ 
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(57) 



for e > 0.01, which is a httle larger than total evaporated charge AQ ~ 10^°. For pure 
leptonic flat direction such as LLe, Q-baUs must completely evaporate above the temperature 
where electroweak phase transition occurs in order to convert lepton number into baryon 
number by sphaleron effects, and hence Q > 10^° is not acceptable. On the other hand for 
flat directions carrying baryon number such as udd, 10^° ^ Q 10^^ is allowed. In such 
a case, where Q-balls decay below the freeze-out temperature of LSP, we must care about 
overproduction of LSPs from Q-ball decay. But in our scenario entropy production from 
moduh decay dilutes them. Therefore for udd direction ^ gauged U(1)b_l scenario in the 
presence of heavy moduh is marginally possible. 

In Fig. [31 we show the resultant baryon asymmetry in (M, v) plane with constraints. We 
can see that for = 100 TeV, Q-balls become too large. But for larger the correct 
baryon asymmetry can be obtained without forming too large Q-balls. 



v(GeV) 




IQi^ lO'' W W 

M(GeV) 

FIG. 3: The two solid lines show hb/s ^ lO^^'^ in gauged U{\)b-l scenario, the upper (blue) line 
corresponds to = 100 TeV and the lower (red) line corresponds to = (47r^)100 TeV. We 
take m3/2 = 100 TeV. In the dark shaded region Affleck-Dine field is trapped into charge-breaking 
minima and baryogenesis does not work. We also show Q ~ 10^^ by the dotted Une. 

Actually LLe and udd dircction can havc large field valuc simultaneously. 
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V. AFFLECK-DINE BARYOGENESIS WITHOUT SUPERPOTENTIAL 



A. The model 

Next we consider the models of Affleck-Dine baryogenesis with gauged U{1)b~l including 
no non-renormahzable superpotentials due to some symmetry such as i?-symmetry. In such 
a case, baryon number violating operators are supphed by higher order effects from Kahler 



potentials (see e.g., Ref. 4]|) and the initial amphtude of the Affleck-Dine field can become 
as large as Planck scale. The dynamics of the Affleck-Dine field is similar to the previous 
section. As a result, large Q-baUs are formed associated with Affleck-Dine baryogenesis and 
they decay at late time after the freeze-out of LSPs but before BBN. Interestingly, in this 
type of model late-decaying Q-balls may once dominate the universe ¡41]. If this is the case, 
a nice feature arises when considering the moduli-induced gravitino problem, as explained 
in Sec. IVTl 

Now let us investigate the above model. The zero-temperature scalar potential for the 
fiat direction ip is given by 

2 

Tn 

Vii;) =(mj - chH')\^\' + —^{a^r + h-c.) 

where the ellipsis denote the higher order terms, which stabilize the Affleck-Dine field at 
some value of order the Planck-scale. Note that the potential ( !58|) also has charge and/or 
color breaking global minimum near the field value at M. Similar to the previous section, in 
order to avoid falling into this minimum, the Z)-term stopping at v must satisfy the foUowing 
condition, 

V < l^lhiu ~ ^M. (59) 
m3/2 

Here we consider only the case without early oscillation due to thermal effects. This requires 

Tn<a-Wj'\i:o\M-'^' 



2 X 10 



11 



\a J VlOOGeVy \MpJ 



At the beginning of the oscillation H = m^, the baryon number is calculated as 
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where ipo is given by U{1)b-l breaking scale v. Note that we assume the Affleck-Dine field 
has baryonic charge. In such a case, the whole baryon number created by the coherent 
motion of the Afíleck-Dine field contributes to the baryon number of the universe as far 
as Q-balls decay before BBN. If it does not have baryonic charge and only has leptonic 
charge, only some fraction of the total created lepton number evaporated from Q-balls at 
the temperature above the electroweak scale can be converted into baryon number through 



the sphaleron effects 
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431 ]. Thus the resultant baryon asymmetry is suppressed. We do 
not consider such a case. 

The charge of Q-balIs is given by Eq. (155|) where the ellipticity parameter e is now 
estimated as 

'--^.C^Xí^V- (62) 



Thus we obtain the charge of Q-balls 

l26 



Q-4xlO^M^--VlI^V( — ) . (63) 



for e < 0.01, and 



for e > 0.01. On the other hand, the decay temperature of Q-balIs is estimated as [2¿, |44| 

if there exist lighter scalar fields than the Affleck-Dine field, and hence we can see that Q- 
balls decay below the electroweak scale but before BBN for some parameter region, v <^ Mp 
and/or M ^ Mp. The entire cosmological scenario depends on the decay temperature of 
Q-balls Tq, the initial amplitude of the Affleck-Dine field v and that of the modulus filed Xo- 
We assume the reheating temperature from infiaton is not so high as infiaton dominates the 
universe when the Affleck-Dine field begins to oscillate but decays well before the modulus 
field decays. This is satisfied for lOGeV ^ < lO^GeV. The following analysis does not 
depend on the precise value of Tr as far as the Tr lies in the above range. 
The final reheating comes from moduli or Q-balIs. If the following condition 

To<T^{£}' (66) 

is satisfied (T^ is the decay temperature of the modulus field), Q-balls dominate the universe 
before they decay but after the modulus field decays. 
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B. Baryon asymmetry 



In the case with Q-ball domination, the baryon-to-entropy ratio is fixed at the decay of 
Q-balls, 

ne _ riB^pj^ _ nB_STQ ^^^^ 

S S 4: 

and the subsequent cosmological scenario does not depend on the properties of moduh. This 
is calculated as 



7 X 10" 



X 



2 



s V 7 

/ m3/2 Y ÍM, _ 
VlOOTeVy \ M } \m, 



(68) 



for e < 0.01, and 



— ~2 X 10" 



'j^ X ("-2)/2 / „ \ (n-4)/2 



(69) 



7 

llOOTeVy' (l^y' 

for e > 0.01, where we have assumed 5e ~ 0.01. On the other hand, in the case of no Q-baU 
domination, the final reheating occurs due to the modulus decay. The baryon-to-entropy 
ratio is thus given by 



nB _nB Px _ ^B 3r^ 



s Px s Px 

and it is estimated as 



(70) 



s ^ VlOOTeV/ \ J 



UOOTeVy \m) \Mp) \ xo 



(71) 



In both cases, we can see that M ^ Mp and/or v -C Mp is required in order to obtain 
correct order of baryon asymmetry. 

We show in Fig. Hlthe contour where the appropriate baryon asymmetry ub/s ^ 10^^° 
is obtained for n = 4 and the modulus mass m^ = 100 TeV and (47r^)100 TeV. It should be 
noticed that for v > \/3Mp, a brief period of infiation occurs due to the Affleck-Dine field. 
But in general, supergravity effects steepen the potential above the Planck scale, and hence 
the region with v > Mp is not favored from naturalness. Above the dotted lines Q-ball 



22 



dommation is realized for each modulus mass. It can be seen that for M > 10^^ GeV and 
V > 10^^ GeV, this baryogenesis mechanism works. But another subtlety arises when one 
considers the LSP produced by the Q-ball decay or gravitinos from modulus decay. This 
will be discussed in Sec. |VT1 



v(GeV) 




M(GeV) 

FIG. 4: The two solid lines show n^/s ~ 10^^^ for = 100 TeV and (47r^)100 TeV in the no 
superpotential model. We take m^/^ = 100 TeV. In the dark shaded region Affleck-Dine field is 
trapped into charge-breaking minima and baryogenesis does not work. 



VI. REMARKS ON HEAVY MODULUS DECAY 

Before closing the discussion, we consider some non-trivial feature of the modulus decay. 
In the above arguments, we have not considered the details of the decay products of the 
modulus field. We briefiy discuss the other consequences of modulus decay on cosmological 
evolution. 
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A. Non-thermal dark matter from modulus decay 



One of the favored nature of the supersymmetric theory is that it can provide the can- 
didate of the dark matter of the universe. Under the R-parity conservation, the hghtest 
supersymmetric particle (LSP) becomes stable and if it has the appropriate annihilation 
cross section, it can account for the energy density of the dark matter In anomaly- 

mediated SUSY breaking models, wino-hke neutrahno naturally becomes the LSP. In the 
standard thermal relic scenario, the mass of wino should be as heavy as 2 TeV to account 
for the dark matter because of its large annihilation cross section In mirage-mediation 



model, the LSP is the mixed state of bino and higgsino-like neutralino 47^ 



48l | and their 



491 ] . But in our 



thermal relic abundance can account for the dark matter of the universe 
scenario, the final reheating temperature from modulus decay is typically much lower than 
the freeze-out temperature of LSP and thermal relic can not be the dark matter. However, 
there is a non-thermal origin of the dark matter from the decay of moduli, and there arises 
a possibility that non-therma. 
abundance is estimated as [iG, ^ 

n -1 



LSPs can account for the dark matter of the universe. Its 




Y(T) 



1 



+ 



45 



av)Mp{T^-T) 



(72) 



where Y = nLSp/s and T^ denotes the decay temperature of the modulus field. We can see 
that if the annihilation cross section is large enough, the second term dominates and the 
relic abundance is inversely proportional to it. In terms of the density parameter, we can 
rewrite it as 
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(73) 



For higgsino-like neutralino LSP, the annihilation cross section into ly-boson pair is esti 
mated as [51 1 

{av) 
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2 '^LSP 



2 (2m2sp-m2^2 



''LSP 

and for wino-like neutralino LSP, it is given by 
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(74) 



(75) 



^ There is an argument that non-perturbative efFect enhances the annihilation cross section, and wino should 
be about 3 TeV if its thermal rehc accounts for the dark matter of the universe 46 1 . 
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where is the SU{2)l gauge couphng constant and mw is the mass of PF-boson. We can 
see that the desired density of LSP can be obtained for mLSP ~ 100 GeV. Thus both the 
dark matter and baryon asymmetry of the universe can be explained even in the presence 
of heavy modulus fields. 

One may consider that these non-thermal LSPs from late-decaying particles can have large 



free-streaming length Aps 1 Mpc ) and may become the warm dark matter ¡15l.l52l.l53l. |54|. 
Now we estimate the free-streaming length of non-thermaUy produced LSPs assuming that 
they contribute to the dark matter of the universe. For simphcity, we neglect the energy 
loss via the interaction between particles in thermal bath. Free streaming length of the LSP 
produced at is given by [55 1 



Aps ~ l.OMpc Ud 



V106sec/ 
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(76) 



where Ud 



— 4mLgp/2mLSP- Using ~ (47r Mp/cm^), we can rewrite it as 



_i/2 / lOOTeV y^^ / ITeV A 
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(77) 



Thus, for > 100 TeV, free streaming length is much smaller than 1 Mpc and non-thermal 
LSPs serve as the cold dark matter. ActuaUy, there exist non-neghgible interactions of 
LSPs with background particles. It is expected that LSPs lose their energy and momentum 
through those interactions and hence the non-thermal LSPs from modulus decay unhkely 



take a role of warm dark matter 
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B. Gravitinos from modulus decay 

If m^ > 2m3/2, which is naturally realized in mirage-mediation model, the modulus 
decay into two gravitinos is kinematically allowed. In particular, it is found that such a 



decay mode generally has the branching ratio as large as 0(0.01) ¡58l . l59l ] and the late- 
decay of gravitinos generated in this way may cause another cosmological difñculty. In our 
scenario these gravitinos do not upset BBN, since they are also heavy enough to decay before 
the beginning of BBN. But LSPs emitted from the decay of those non-thermally produced 
gravitinos may overclose the universe. 
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The decay of such non-thermal gravitinos does not release huge entropy, because the 
energy density of the gravitino is two orders of magnitude smaller than that of the ordinary 
radiation. We denote the temperature at the modulus decay and at the gravitino decay as 

and T3/2, respectively. The branching ratios of moduh that decay into ordinary radiation 
and two gravitinos are denoted as ~ 0{1) and -63/2- In these terms, the ratio of the 
energy density of gravitino to radiation at the decay of gravitino is given by 

P3/2 _ _B-i/2 



where 



Pr B, 
Tnr 



(78) 



r 



(Tnr > T3/2) 



T3/2 ' (79) 

1 (^NR < T3/2) 

and Tnr(= {m^/^/my^T^ denotes the temperature at which gravitinos become non- 
relativistic. Since i?3/2 ^ -Br, P3/2 is not larger than for Tnr < T^/^- When the gravitino 
becomes non-relativistic before decay, we obtain 

Ps^ ^ ^^í;«3^ _ ^3^ /^y^' .gQ. 

pr Br T3/2 Br \m^/2 ) 

This ratio does not exceed 1 in the parameter region we are interested in, and baryon 
asymmetry is not diluted further by the gravitino decay. The difñculty comes from the 
subsequent decay of gravitinos into LSPs. The LSP abundance emitted from gravitino 
decay is also expressed by Eq. fl72|) after replacing T^ with T3/2. But for m^/^ ~ 100 TeV, 
T3/2 is so small that the LSPs do not annihilate and their density overcloses the universe. 
To avoid this difñculty, we require m^/2 ^ lO'^ TeV. But in such a case, the mass of LSP 
becomes too large in anomaly-mediation or mirage-mediation models and the overclosure 
problem of LSPs is not cured. 

Here we describe some ways to avoid the LSP overproduction problem in such heavy 
moduh scenario with ^ m^/^. One possible solution is to reduce -B3/2 so that the 
abundance of gravitinos from moduh decay can be neglected. Depending on the Kahler 
potential and SUSY breaking sector, the branching ratio of modulus decay into gravitinos 
may have the hehcity suppression factor ~ (m^/^/m^)^ compared with other decay modes 



59|. 



Another is to introduce hghter i?-odd particles other than MSSM particles. Axino, which 
appears in supersymmetric extension of the axion models 6^, is one of the candidates 
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6l| . In such a case, the overproduced hghtest neutrahno eventuaUy decays into axinos 



and its abundance is reduced by the factor (mñ/mLSp) where rria is the axino mass. If 
rria is sufñciently small 62|, the overproduction problem of neutrahno LSP can be solved. 
It should be noticed that it may also open the decay mode of gravitino into axino and 
axion 63|, and this newly produced non-thermal axions serve as the additional radiation 



energy density 6J] , which speeds-up the Hubble expansion and changes the result of BBN 
especially the ^He abundance. In terms of the effective number of neutrinos N^, the 
success of BBN requires AN^, < 1 at the beginning of BBN But in our situation this is 
not a problem, since the gravitino abundance is smaller than the radiation at the decay of 
gravitinos and hence the axion abundance generated from the gravitino decay is also smaller 



than the radiation energy density. In this scenario axinos should decay before BBN [66] . 
Otherwise, decay products of the neutrahno spoils BBN. This requires the Peccei-Quinn 
scale 10^°GeV< FpQ < 10^^ GeV, where the lower bound comes from the astrophysical 
consideration 671] and the upper bound comes from the requirement the lifetime of the 
decaying neutrahno into axino should be shorter than 1 sec. Thermally produced axinos 
68( 1 can contribute to the only smah fraction of the energy density of the universe because 
the final reheating temperature is very low. The coherent osciUation of the axion is also 
diluted by the modulus decay and has neglecting effects on cosmology for Fpq < 10^^ GeV 



69|. 



Finally, we mention the possibihty that gravitinos are diluted by entropy production after 
the modulus decay in the following subsection. This is already built in the models of Q-balI 
dominant universe (Sec. |Vl), as we will see. 



C. Dilution by Q-ball decay 



The abundance of gravitinos from modulus decay is expressed as 



^ The recent analysis of primordial ^He abundance favors non-standard value of Ni,{> 3) |65'|, but AN^ ~ 1 
is disfavored. 
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Assuming no annihilation, the energy density of the LSP produced by the decay of gravitinos 
is given by 

Q^s,h^ ~ 2.3 X lOV-c ( (^^) (^^) . (82) 
^ V 0.01 ) VlOOGeV/ VlOOTeV/ ^ ' 

Thus we need the dilution factor A ~ lO^ — lO'^ after the production of gravitinos. In 
fact, in the Q-ball dominant case investigated in Sec. |Vl the decay of Q-balls releases large 
entropy and dilutes the gravitinos from modulus decay. If we denote the decay temperature 
of Q-balls as Tg, the dilution factor is given by 



2 



J-Q VIXol/ 

Thus if Tq is slightly smaller than T^, and the initial amplitude of the modulus field |xo| 
is slightly smaller than that of the Affleck-Dine field \ipo\., the required dilution factor is 
obtained. This is no more than the situation we encountered in Sec. |Vl and hence those 
Q-balls give the desired dilution factor, solving the overproduction problem of LSPs from 
gravitino decay. Note also that LSPs are also produced from decay of Q-balls. Their 
abundance is given by Eq. fl72l) after replacing T^ with Tq. As far as Tg > 100 MeV, LSPs 
can effectively annihilate and their abundance becomes below or comparable to that of the 
dark matter jl^, IsO ]. 

In Fig.O the result with |xo| = 10^^ GeV is shown. It can be seen that the wide parameter 
region which has been favored in Sec.|V]is excluded by the constraint from the overproduction 
of LSPs both from the Q-ball decay (the purple shaded region) and gravitino decay (the 
blue shaded region). We can see that only in narrow parameter region for M ~ 10^^ GeV 
and V ~ Mp, both the dark matter as non-thermal LSPs and baryon asymmetry can be 
explained simultaneously. As the value of xo is reduced, the constraint is relaxed. Although 
some degree of tunings to the parameters especially the initial amplitude of the modulus and 
Affleck-Dine field is required, this is a fuUy consistent cosmological scenario in the presence 
of heavy moduli. 

Finally we comment on the possibility where the similar dilution from Q-ball decay is 
obtained in the model of Sec. IIIIi In order to realize this, we consider the situation where 
a fiat direction other than Affleck-Dine field responsible for baryogenesis dominates the 
universe after the moduli decay. In fact, udd and LLe directions can have the large field 
value simultaneously. As described in Sec. Illlt n = 6 udd direction is used as the Affleck- 
Dine field which create the appropriate baryon number. On the other hand, LLe direction 
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FIG. 5: Same as Fig. IH but for xo = 10^^ GeV. We also show the constraint from LSP overpro- 
duction from gravitino decay for = ^vr^lOO TeV. In the blue shaded region, the Q-ball decay 
can not dilute LSPs produced by the decay of moduh-induced gravitinos sufñciently. In the purple 
shaded region, LSPs produced by Q-ball decay overclose the universe. 

also has the large field value. We assume for the LLe direction there do not exist non- 
renormalizable superpotentials which lift the direction and we parametrize this direction as 
ip (Such a model was considered in Ref. ItO!].). Similar to the case in Sec. |Vl ip has the 
initial amphtude ipo of order Mp. The late decay of Q-baUs from ?/'-condensate dilutes the 
gravitino to the cosmologically safe value. Although it also dilutes the baryon asymmetry 
by the factor A ~ lO^, dilution of such amount of baryon asymmetry is not so harmful, as 
can be seen from Fig. [2l 

VII. CONCLUSIONS 

Within the framework of fundamental theory such as supergravity or superstring theory, 
there appear cosmologically harmful scalar fields called moduli. In anomaly-mediated SUSY 
breaking or mirage mediation model, moduli are heavy and decay well before BBN starts. 
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but the decay process dilutes the preexisting baryon asymmetry. We have shown that in 
some models of Afñeck-Dine baryogenesis mechanism, large amount of baryon asymmetry 
can be generated and can survive the dilution from the modulus decay. Successful baryoge- 
nesis requires high reheating temperature from inflaton, Tr > 10^° GeV, and high effective 
cutoff scale, M > 10^^ GeV for early oscillation models. Such a high reheating temper- 
ature is naturally reahzed in chaotic inflation models Gauged U{1)b-l models also 

work for some parameter regions. We also investigated the gauged U{1)b-l model without 
superpotentials which hft the flat direction. The favored parameter region is also found in 
this type of modeL Other baryogenesis mechanisms such as thermal leptogenesis 72|] and 
electroweak baryogenesis [3] do not work, since produced baryon aynmmetry is not so large 
as to survive the dilution. 

Aside from baryon asymmetry, dark matter of the universe can also be explained by the 
non-thermal LSPs from the decay of moduh. The flnal reheating temperature is determined 
by the decay of moduh and it is predicted as from a few MeV to 1 GeV for 100 TeV 
< < (47r^)100 TeV. Hence the standard cosmological scenario below a few MeV should 
not be changed. One subtlety arises when we consider the gravitino production from decay 
of the heavy moduh if the modulus mass is larger than two times the gravitino mass 
m3/2. If the branching ratio of modulus decay into two gravitinos is not suppressed, we 
encounter the another cosmological problem, i.e., overproduction of neutrahno LSPs from 
the subsequent decay of gravitinos. In the Q-ball dominant scenario in Sec. |Vl Q-ball decay 
dilutes the gravitino and the problem can be solved by choosing the initial amplitude of the 
modulus and Affleck-Dine fleld as |xo| ^ l'^ol ~ ^p- Besides Q-ball dominant scenario, there 
are a couple of ways to avoid this difficuhy. One is controlling the SUSY breaking sector 
to suppress the branching ratio into gravitinos, and another is to introduce the axinos. The 
other solution is to invoke another flat direction condensate into large Q-balls. The late- 
decay of Q-balls dilutes the gravitino abundance, and also such a Q-ball decay itself can 
provide the non-thermal origin of the dark matter, similar to the Q-ball dominant model. 
In any way, our scenario provides the realistic cosmological scenario in the presence of 
modulus flelds and may have phenomenologically interesting implication to future collider 
experiments and direct or indirect detection of the dark matter. 
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